Abstract. The role of de novo synthesis in the regulation of adenosine 5'-phosphosulfate sulfotransferase activity by H2S in Lemna minor L. was investigate using density labeling with 15N applied as 15NO3 in the culture medium. While adenosine 5'-phosphosulfate sulfotransferase activity was rapidly reduced by H2S and rapidly recovered upon removal of H2S, O-acetyl-L-serine sulfhydrylase (EC 4.2.99.8) did not show changes in extractable activity in response to H2S and could therefore be used as an internal marker enzyme for density labeling. The incorporation of 15 N into adenosine 5'-phosphosulfate sulfotransferase was strongly reduced upon transfer of plants into a H2 Scontaining atmosphere. Half-maximal labeling was reached only after 70-80 h compared to 40-50 h in the control. After removal of HzS, adenosine 51-phosphosulfate sulfotransferase activity increased to the initial level within 20 h, and the enzyme reached halfmaximal labeling after only 15 h. The time course of the density increase of O-acetyl-L-serine sulfhydrylase was not affected very significantly by H2S. These results provide evidence that de novo synthesis of enzyme protein is involved in the regulation of adenosine 5'-phosphosulfate sulfotransferase activity by H2S.
Introduction
One pathway of assimilatory sulfate reduction in algae and higher plants starts with adenosine 5'-phos-* This is no. 9 in the series "Regulation of Sulfate Assimilation in Plants"
Abbreviations: APS=adenosine 5'-phosphosulfate; APSSTase= adenosine 5'-phosphosulfate sulfotransferase; BSA=Bovine serum albumine; DTE=dithioerythritol; OAS=O-acetyl-L-serine; OASSase=O-acetyl-L-serine sulfhydrylase; POPOP=l,4-bis-(5-phenyl-2-oxazolyl)-benzene; PPO:= 2,5-diphenyloxazole phosulfate (APS), which is formed from SO ]-and ATP, catalyzed by ATP-sulfurylase (EC2.7.7.4) (Schiff and Hodson 1973; Schmidt etal. 1974; Schmidt 1976 ). The sulfonyl group of APS is transferred via APSSTase to a carrier (Car-SH) to form Car-S-SO~ which can be reduced to Car-S-SH. The thiol group can then be incorporated into O-acetyl-L-serine (OAS) catalyzed by O-acetyl-L-serine sulfhydrylase (OASSase) (EC 4.2.99.8) to form cysteine.
Little has been published concerning the regulation of these enzymes in algae and higher plants. ATP-sulfurylase activity of cultured tobacco cells was repressed when sulfate, L-cysteine, or L-methionine were present in the growth medium. Derepression took place in the case of sulfur starvation or when cells were cultivated on djenkolate or reduced glutathione as a sole sulfur source (Reuveny and Filner 1977) . Brunold and Schmidt (1976) examined the influence of HzS on adenosine 5'-phosphosulfate sulfotransferase (APSSTase) activity in Lemna minor. They found a decrease in extractable enzyme activity at H2S concentrations which did not have toxic effects on the organisms. After removal of H2S from the air, APSSTase activity increased, reaching the initial level within about 20 h. Similar observations have been made in bean seedlings. Wyss and Brunold (1979) found that H2S inhibited the increase of APSSTase activity in bean seedlings during chloroplast development. In green primary leaves, addition of 1 mM cysteine to the growth medium or of H2S to the air caused a decrease in extractable APSSTase activity. However, there was no effect of H2S on the extractable OASSase activity in these two plants.
These findings raise the question whether the control of APSSTase activity involves the de novo synthesis of this enzyme or is due to a post-translational modulation of its activity.
Lemna minor is an organism well suited for studying this question because it can be grown aseptically, having, under constant conditions, a constant doub-ling time which can be easily determined by counting the frond number of the culture, and because compounds can be fed directly to the green cells of the plants during the water or the gas phase (Brunold and Erismann 1974) .
Material and Methods
Lemna minor L., strain number 6580 of Landolt's collection of Lemnacae (Landolt 1957) , was cultivated aseptically in a device described by Erismann and Brunold (1973) on E-NO3 medium (Erismann and Finger 1968) , as previously described (Brunold and Schmidt 1976) . For density labeling, Ca(14NO3)2 was replaced by Ca(15NO3)2 (99.5 atom% lSN).
Permeation tubes (Metronics, Palo Alto, Cal., USA) served as H2S-sources. H2S concentrations were calculated from the loss of weight of the permeation tubes and the flow rate of the air. Direct measurement of H2S with a Jonoflux (Hartmann and Braun, Frankfurt, West Germany) gave identical results.
The doubling time of Lemna minor was estimated by counting the fronds on two different occasions in a separate culture vessel. The doubling time, te (h), was calculated according to:
=number of fronds at time t~ a o =number of fronds at time t o
Preparation of the Extract. 1 g of plants was homogenized in a chilled glass homogenizer with 8 ml 0.1 M tris-HC1 buffer (pH 8.0) containing 0.1 M KC1, 0.02 M MgC1, and 0.01 M DTE. The homogenate was filtered through Miracloth and centrifuged at 32,000 g for 10 min at 4 ~ C. Part of the supernatant was used for the determination of APSSTase, OASSase, and protein. To the rest, solid (NH4)2SO4 was added to 70% saturation. The precipitated protein was sedimented at 10,000 g for 10 min at 4 ~ C and resnspended in 5 ml (NH~)2SO4 solution (70% saturation) containing 0.05 M tris-HC1 (pH 9.0) and 0.01 M DTE. The protein suspension was stored at -20 ~ C. There was no appreciable loss of OASSase activity during either storage or density gradient centrifugation. APSSTase was stable as an (NH4)2SO 4 precipitate at -20 ~ C, but during density gradient centrifugation there was a loss of 95% of the activity. This loss was comparable to APSSTase extracted from Lemna minor cultivated either with air or with 6.4 pl H2S 1-~ air.
Density Gradient Centrifugaiion. The stored protein suspension was centrifuged at 10,000 g for 10 rain at 4 ~ C and the pellet dissolved in 2 ml 0.05 M tris-HCl (pH 9.0) containing 0.01 M DTE. An aliquot containing 1 mg protein was adjusted to 4.5 ml with 0.05 M tris-HC1 buffer (pH 9.0) containing 0.01 M DTE. To this mixture 1.87 g CsC1 and 50 big of catatase were added. The tubes were centrifuged in a vertical rotor (Sorvall TV 865) at 40,000 rain-* for 50 h at 3 ~ C. Gradients were fractionated through a 50 gl micropipet (Corning) which had been lowered to the bottom of the tube and which was connected to a peristaltic pump through a silicon tube (1,3 mm internal diameter). Single-drop fractions were collected.
Every tenth fraction was used for measuring the refractive index with an Abb~ reffactometer (Zeiss) at 20 ~ C, The remaining fractions were used for measuring either APSSTase, OASSase, or catalase activity. The refractive index values were converted to density units using a calibration curve which had been established on a DMA digital densitometer (Anton Paar, Graz, Oesterreich) with CsC1 solutions containing tris-HCt, DTE, and protein, as in the density gradients.
Enzyme Assays. APSSTase was measured by the production of sulfite-[35S], assayed as acid-volatile radioactivity from Ap35s in the presence of an active thiol (Schiff and Levinthal 1968; Hodson and Schiff 1971) . DTE was used as thiol. Routinely, the incubation time was 30 min, for the assay of the gradient fractions it was 60 min. The counting fluid was toluene-Triton X-100 (2: l, v/v) with 4 g 1-1 PPO and 120 mg 1-1 POPOP.
OASSase was measured according to Pieniazek et al. 1973 , but doubling the buffer concentration and using OAS hydrochloride instead of OAS. Routinely, the incubation time was 10 rain and 20 rain for the gradient fractions. Catalase was measured according to Aebi (1970) using 3 ml buffer solution per assay. Proteins were determined turbidimetrically (Fankhauser 1978) using BSA as a standard. AP35S was prepared according to Tsang et al. 1976 . Catalase from beef liver and O-acetyl-L-serine hydrochloride were obtained from Sigma, Triton X-100 from Fluka, Buchs, Switzerland. aSS-labeled SO,~-was purchased from the Radiochemical Centre, Amersham, England. Ca(lSNO3); (99.5 atom%) was obtained from B.O.C., London, UK.
The distributions of the activities of APSSTase, OASSase, and catalase in the density gradients were calculated using the computer programm BMDP 3R (Dixon 1975 A theoretical time course of increase in enzyme density was calculated in each density labeling experiment. This calculation is based on the fact that in an exponentially growing culture new enzyme molecules must be synthesized to maintain a constant enzyme level. If it is assumed (i) that the protein precursor pool is immediately saturated with the added 15N after the transition from 14NO~ to 15NO~, (ii) that there is no turnover of the 14N-enzymes, and (iii) that there are no significant precursor pools of inactive enzyme, the increase in density, d, of the enzymes can be calculated according to:
O00Ad t =density increase at time t; t =time after addition of lsNO 3 A dm, x = maximal density increase = doubling time.
Maximal density increase was determined after CsCl density gradient centrifugation of extracts from Lemna minor L. cultivated for 9 generations on medium containing 14NO~-or lSNOg (99.5 atom%) as the N source. 
Results
The densities of APSSTase and OASSase extracted from Lemna minor and cultivated on ~NO3 or tbNO3 for 9 generations are presented in Table 1 . The difference in density between the unlabeled (~4N-) and the ~bN-labeled enzyme was about 12 mg cm -3. Thus, there is a 0.9% increase for APSSTase under conditions which allow maximal labeling of these enzymes. It is evident from Table 1 that catalase is an ideal marker enzyme since its density is very close to the density of both APSSTase and OASSase. This is also illustrated in Fig. 1 which shows density changes of APSSTase and OASSase extracted at different times after replacement of 14NO3 by asNO;-in the culture medium. In Figure 1 , the APSSTase peak moves from the right side of the catalase peak to the left side and the OASSase peak approaches the marker peak. Figure 1 also shows that compared to catalase there is an initial band-broadening for APSSTase and OASSase during the labeling with ~ SN which disappears at later stages. However, for both enzymes the changes of width at half-peak height were too small to be used in the further analysis.
Using catalase in each gradient as a reference for normalization, the density increases of APSSTase and OASSase were compared to the theoretical density increase calculated on the basis of a doubling time of 36 h and a maximal density increase of 12 mg cm-3 (Table 1, Fig. 2 ). The observed time courses show an initial lag during which an increase of only about 1 mg cm-3 was observed in both enzymes. During the ensuing 7 h there was an increase of 4.0 and 2.2 mg cm 3 for APSSTase and OASSase, respectively. These values by far exceed the value of 1.5 mg cm-3 expected from the theoretical curve. Half-maximal labeling of both enzymes was obtained after 40 to 50 h. When Lemna minor was exposed to 6.4 pl H2S 1-~, the extractable APSSTase activity decreased rapidly while the OASSase activity remained constant (Fig. 3A) . After 24h the APSSTase activity was about 5% of its initial value and finally a low constant level of activity was reached. At the beginning of the HaS-treatment, I~NO~ was replaced by tsNO~-in the culture medium, thus, the increase of density of APSSTase and OASSase could be determine& For APSSTase only a small density shift was observed during the first 50 h (about 15% of the maximal value). Afterwards, a more rapid increase in density occurred. The time course of OASSase density, however, showed only a slight inhibitory effect of H2S; half-maximal density increase was reached after about 55 h. The theoretical curve of the density increase illustrated in Fig. 3 B was calculated on the basis of a doubling time of 45 h, which is somewhat longer than that in Fig. 2 due to growth inhibition by H2S.
When Lemna minor was permanently cultured with 6.4 izl H2S 1-~, the activity of both enzymes remained constant at about 10 nmol mg-t protein h-t (APSSTase) and about 200 nmol mg-1 protein min-~ (OASSase). The doubling time was 45 h. Under these conditions, the time course of density changes follow the theoretical curve between 22 and 44 h after transfer to 15NO 3 (Fig. 4) . A half-maximal density shift was reached after about 50 h, which is comparable to the control (Fig. 2) . After omission of H2S, the extractable APSSTase activity increased to its original level of about 250 nmol rag-~ protein h-~ within 20 h and subsequently remained constant (Fig. hA) . During the same period there was no change in extractable OASSase activity. With the omission of H2S, 14NO~ had been replaced by a sNO~. The resulting density shift of APSSTase was markedly faster than that of OASSase, reaching a half-maximal value after l 5 h as compared to 40 h for OASSase. The doubling time for the calculation of the theoretical time course of density increase was 38 h (Fig. 5 B) . 
Discussion
The technique of density labeling has been applied to the investigation of the mechanism involved in the increase of an enzyme activity in response to a stimulus such as a hormone (Filner and Varner 1967) , a substrate (Zielke and Filner 1971) , or light (Schopfer and Hock 1971) . The interpretation of density labeling experiments has been discussed by Acton et al. (1974) Lamb and Rubery (1976) and by Johnson (1977) . In the present paper, the density labeling technique was used to study the mechanism involved in the regulation of APSSTase by H2S in Lemna minor. OASSase was chosen as an internal marker for mainly two reasons: (i) the enzyme has a similar time course of increase in density to that of APSSTase when Lemna minor is cultivated in air; (ii) though it is an enzyme of assimilatory sulfate reduction (Hodson and Schiff 1971; Schmidt 1979) , its extractable activity is not affected by H2S , a possible end product of this pathway (Wilson et al. 1978) .
The increase in density of about 12 mg cm -3, which was determined for APSSTase and OASSase after extensive incorporation of 15N, is comparable to the values found for nitrate reductase from tobacco cells (Zielke and Filner 1971) and to the'value of 13 mg cm -3 given by Johnson (1977) as a maximal increase which can be introduced into a protein of typical amino acid composition.
The lag in the increase in density of APSSTase and OASSase after the replacement of ~4NO~ by tSNO3 (Fig. 2) indicates that the amino acids in the protein precursor pool are equilibrated with ~SN only after some time (Zielke and Filner 1971) . Furthermore, labeling of active APSSTase molecules could be delayed due to the presence of an inactive precursor of APSSTase (Lamb and Rubery 1976) . In the subsequent phase of rapid labeling at constant enzyme activity, the observed density increase of both APSSTase and OASSase appreciably exceeded the calculated value, indicating that one of the assumptions made in calculating the theoretical time course of density increase, the lack of turnover, was incorrect. This means that both enzymes are continuously inactivated and/or degraded even under optimal growth conditions. Evidence for the occurrence of these processes is also provided by the density increase of OASSase which exceeded the theoretical value after prolonged labeling periods (Fig. 3, 4 and 5). Degradation and/or inactivation (half-life approx. 5 h) was furthermore demonstrated during the period of rapidly decreasing extractable APSSTase activity caused by H2S. Without this process, and even with a complete inhibition of APSSTase synthesis, the specific activity of the enzyme would only decrease by dilution through growth (half-life 45 h). It is not clear from the present results whether the rate of enzyme disappearance is influenced by H2S. It is clear, however, from the time course of the density shift in Fig. 3 B, that the rate of APSSTase synthesis is greatly reduced in the presence of H2S. One has to bear in mind that an increase in enzyme inactivation by H2S on the background of an unchanged synthesis would lead to an enhancement of 15N labeling of the enzyme rather than a delay. The time course of OASSase labeling in the presence of H2S is rather close to that in air (Fig. 2) , indicating that protein precursor pools are not greatly altered by H2S. The same conclusions can be drawn from experiments done in the steady-state established in the presence of H2S, in which APSSTase activity was only 5% of the control, while OASSase activity and rate of density labeling were essentially unchanged. If the rates of APSSTase synthesis, degradation, and/or inactivation were the same as in air, the turnover rate of APSSTase would be increased about twenty fold. This would result in faster density labeling of APSSTase as compared to OASSase. It is clear, however, from Fig. 4 that the time courses of density labeling of both enzymes are comparable, at least up to 44 h, indicating again that the rate of APSSTase syn-thesis in the presence of HzS is lower than in air. The very rapid density labeling of APSSTase, exceeding the theoreticalcurve which was observed after removal of HzS , indicates that the increase in extractable enzyme activity is not due to the activation of previously inactivated APSSTase molecules, but rather to a very pronounced increase in the rate of APSSTase synthesis. The rate of OASSase labeling during the first 8 h after removal of Hz$ was about 60% less than of APSSTase, but it was still faster than in steadystate cultures in air. This effect may be partly due to the fact that after removal of HzS the doubling time decreased from 45 to 38 h.
Taken together the presented results lead to the conclusion that H2S regulates the rate of synthesis of APSSTase. It is not clear from our experiments, however, whether this regulation is at transcription or at postranscriptional steps.
